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NOISE TRANSMISSION BY VISCOELASTIC SANDWICH PANELS 


Rimas Vaicaitis* 

Langley Research Center 


SUMMARY 


This report presents an analytical study on low frequency noise transmis
sion into rectangular enclosures by viscoelastic sandwich panels. The dimen
sions of these panels are typical of aircraft fuselage skin constructions. The 
report demonstrates that these panels can effect significant noise reduction. 
The analysis considers two limiting cases of the core stiffness: (1 )  soft com
pressible cores with dilatational modes included and (2) hard incompressible 
cores with dilatational modes neglected. Sandwich panels with soft viscoelastic 
cores exhibit noise transmission characteristics similar to those of double wall 
elastic panels except in the frequency range where dilatational modes occur (300 
to 600 Hz). At these frequencies noise can be reduced by as much as 30 dB more 
with viscoelastic panels. Sandwich constructions with hard cores show signifi
cant noise reduction advantage over the elastic panels for the whole frequency 
range considered in this study ( 0  to 1000 Hz). Numerical results contained in 
this report include response and noise transmission characteristics of elastic 
and viscoelastic panels for several geometric and material parameter
configurations. 

INTRODUCTION 


The information available in the literature and from ongoing research pro
grams on interior aircraft noise indicates that noise in many aircraft exceeds 
acceptable comfort limits. Propeller driven aircraft where maximum noise inten
sity occurs at low frequencies are especially blameworthy. Since acoustic 
absorpt+on materials used in aircraft constructions are not very effective in 
reducing interior noise at low frequencies (ref. I > ,  new means of providing 
noise attenuation at low frequencies need to be established. Interior aircraft 
noise in the structural resonance range is strongly controlled by the vibra
tional characteristics of the fuselage skin panels. Past studies have demon
strated that a viscoelastic material sandwiched between two elastic plates is a 
very efficient way of dissipating vibrational energy (refs. 2 to 9). Replacing 
some of the elastic skin panels with viscoelastic sandwich constructions should 
achieve significant amounts of noise reduction. Since available information on 
noise transmission characteristics of viscoelastic sandwich panels which are 
suitable for aircraft constructions is very limited, an analytical study of this 
subject is undertaken in this paper. The actual aircraft fuselage construction 
is too complicated for a detailed mathematical treatment; therefore, a simpli
fied analytical model has been constructed. The interior acoustic enclosure 
into which noise was transmitted is taken as a rectangular box. One wall is 
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f lex ib le ,  and the  remaining walls are r i g i d .  (See f i g .  1.) The dimensions o f  i 

the f l e x i b l e  panel  were chosen from t y p i c a l  aircraft s k i n  p a n e l s ,  and the depth 
of the  a c o u s t i c  enc losure  corresponds t o  about  one-half of  t he  a i rcraf t  cab in  
wid th .  

I n  t h i s  paper the  n o i s e  t ransmiss ion  i n t o  t he  enc losu re  i s  analyzed by 
so lv ing  t h e  l i n e a r i z e d  a c o u s t i c  wave equat ion  for t h e  i n t e r i o r  n o i s e  f i e l d  and 
the  p l a t e  v i b r a t i o n  equat ion  f o r  t h e  v i s c o e l a s t i c  sandwich panel  v i b r a t i o n s .  
The a c o u s t i c  equat ion  i s  coupled t o  pane l  v i b r a t i o n s  through the  time-dependent 
boundary cond i t ions .  The s o l u t i o n  t o  t h i s  system o f  equa t ions  is  obta ined  by 
us ing  modal expansions and a Galerk in- l ike  procedure.  S ince  the  boundary condi
t i o n s  f o r  these equa t ions  are t i m e  dependent,  t h e  commonly used method o f  sepa
r a t i o n  o f  v a r i a b l e s  cannot be app l i ed  t o  t h i s  sys tem (ref .  IO). The time depen
dence, however, is  removed by s p l i t t i n g  t h e  s o l u t i o n  i n t o  two parts: a s o l u t i o n  
corresponding t o  a nonhomogeneous d i f f e r e n t i a l  equat ion  wi th  homogeneous bound
a r y  cond i t ions  and a s o l u t i o n  on t h e  boundary. Following t h i s  procedure,  a 
Four i e r  series s o l u t i o n  is developed which converges r a p i d l y  n o t  on ly  i n  t h e  
i n t e r i o r  a c o u s t i c  space bu t  a l s o  on the  boundary. The s o l u t i o n  posses ses  con
t inuous  d e r i v a t i v e s  up t o  the  second o rde r  and satisfies the  g iven  p a r t i a l  d i f 
f e r e n t i a l  equat ion  and a l l  t h e  boundary cond i t ions .  It can be demonstrated tha t  
such a series s o l u t i o n  is uniformly convergent (ref.  1 1 ) .  These series have a 
computational advantage over the nonuniformly convergent series which u s u a l l y  
converge very s lowly.  

The governing d i f f e r e n t i a l  equa t ions  f o r  t h e  v i b r a t i o n  o f  t he  v i s c o e l a s t i c  
sandwich pane l s  due t o  t he  p resc r ibed  e x t e r n a l  p re s su re  are developed f o r  two 
l i m i t i n g  cases o f  co re  s t i f f n e s s .  I n  both of  these cases t h e  c o r e  material is  
assumed t o  be i s o t r o p i c  and the  elastic plates  are p e r f e c t l y  bonded t o  t h e  c o r e  
so t h a t  no displacement d i s c o n t i n u i t i e s  are p r e s e n t .  I n  t he  first case, the  
v i s c o e l a s t i c  material i s  taken  t o  be very s o f t  so t h a t  bending and shea r ing  
stresses can be neg lec t ed ,  and t h e  co re  acts merely as a v i s c o e l a s t i c  sp r ing .
For the  sandwich cons t ruc t ion  w i t h  t h i s  s o f t  c o r e ,  t h e  f l e x u r a l  v i b r a t i o n  modes 
are governed by the  s t i f f n e s s  o f  t h e  two face plates ,  and the  out-of-phase d i l a 
t a t i o n a l  modes are c o n t r o l l e d  by the  s t i f f n e s s  characterist ics o f  t h e  v i scoe la s 
t i c  sp r ing .  I n  t h e  second case, a stiff v i s c o e l a s t i c  c o r e  material i s  used 
where the  bending and shea r ing  s t r a i n s  i n  t he  c o r e  are impor tan t .  Because o f  
the  stiff character o f  t h i s  core  material, d i l a t a t i o n a l  modes occur  a t  high fre
quencies .  By l i m i t i n g  the  a n a l y s i s  t o  low f r equenc ie s  (below 1000 Hz), t he  c o r e  
material can be assumed t o  be incompressible  i n  t h i s  frequency range ,  and t h e  
out-of-phase motions o f  t he  two elastic,face pane l s  a s s o c i a t e d  wi th  t h e  di la ta
t i o n a l  modes can be neglec ted .  Furthermore,  the  s t i f f  c o r e  model is  s i m p l i f i e d  
t o  satisfy the  fo l lowing  assumptions: t h e  shea r ing  s t r a i n s  a c r o s s  t he  depth  o f  
the face p l a t e s  are small, t h e  stresses i n  the  c o r e  material parallel t o  t h e  
plate s u r f a c e  are n e g l i g i b l e ,  and the  in-plane l l rotaryl l  i n e r t i a  effects are n o t  
included.  S ince  the  a n a l y s i s  is l i m i t e d  t o  low f r equenc ie s  and r e l a t i v e l y  t h i n  
v i s c o e l a s t i c  co res ,  these assumptions are be l ieved  t o  be  val id .  For t he  stiff 
core  pane l ,  t h e  governing equat ions  o f  motion and the  s o l u t i o n  f o r  panel  v ibra
t i o n s  are obta ined  from r e f e r e n c e  2. 

This  r e p o r t  con ta ins  numerical  r e s u l t s  f o r  a r e c t a n g u l a r  enc losure  w i t h  
a c o u s t i c a l l y  hard w a l l s .  It is assumed t h a t  one face is covered w i t h  a f l e x i b l e  
v i s c o e l a s t i c  sandwich panel  as shown i n  f i g u r e  1;  o therwise ,  the enc losu re  is 
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r i g i d .  Resu l t s  i nc lude  panel  response s p e c t r a l  d e n s i t i e s ,  n o i s e  t ransmiss ion  
c h a r a c t e r i s t i c s ,  and o v e r a l l  i n t e r i o r  no i se  l e v e l s .  A di rec t  comparison of  t h e  
r e s u l t s  between elastic and v i s c o e l a s t i c  sandwich pane l s  is shown. 

SYMBOLS 

The u n i t s  used f o r  phys i ca l  q u a n t i t i e s  def ined  i n  t h i s  paper are g iven  i n  
t h e  I n t e r n a t i o n a l  System ( S I )  o f  Uni t s .  Cor re l a t ions  between t h i s  system o f  
u n i t s  and U.S. Customary Un i t s  are g iven  i n  r e fe rence  12. 

A 

A i  j 

a 

, a1 , a 2  

BF 


Bij k  

BR 


b 


Cmn 

( Cp ihj 

C 

C 1  

c2 

D 

Dmn 

D1 

D2 

d 

E 

E1 

conversion f a c t o r  0.000645, see r e f e r e n c e  12 

v a r i a b l e s  def ined  i n  equat ion  (11)  

p l a t e  l e n g t h ,  m 

v a r i a b l e s  def ined  i n  equat ion  (30)  

f l e x i b l e  boundary 

p res su re  modal c o e f f i c i e n t s ,  N/m2 

r i g i d  boundary 

p l a t e  width,  m 

displacement  modal c o e f f i c i e n t s  of  t o p  face p l a t e ,  s o f t  c o r e  visco
elast ic  sandwich pane l ,  m 

p re s su re  c o e f f i c i e n t s  , N/m2 

speed o f  sound i n  c a v i t y ,  m/sec 

damping c o e f f i c i e n t  of  t o p  e l a s t i c  p l a t e ,  N-sec/m3 

damping c o e f f i c i e n t  o f  bottom e l a s t i c  p l a t e ,  N-sec/m3 

= Eh3/ l2 ( l  - V 2 ) ,  p l a t e  s t i f f n e s s ,  N-m 

displacement  modal c o e f f i c i e n t s  o f  bottom face p l a t e ,  s o f t  c o r e  
v i s c o e l a s t i c  sandwich panel ,  m 

= Elh13/12(l  - V12), t o p  face p l a t e  s t i f f n e s s ,  N-m 

= E2h23/l2( 1 - V z 2 ) ,  bottom face p l a t e  s t i f f n e s s ,  N-m 

c a v i t y  depth ,  m 

modulus of  e l a s t i c i t y  o f  p l a t e ,  N/m2 

modulus o f  e l a s t i c i t y  o f  t o p  face p l a t e ,  N/m2 
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E2 

E3 

eij 

ek 

Fij k  

f 

fmn 

G 


Gij 

GO 

Hij k  

Hmn 


b 

t 

h 

modulus of e l a s t i c i t y  o f  bottom face p l a t e ,  N/m2 


modulus o f  e l a s t i c i t y  o f  v i s c o e l a s t i c  co re ,  N/m2 


v a r i a b l e s  def ined  i n  equat ion  (7) 


v a r i a b l e s  def ined  i n  equat ion  (19) 


v a r i a b l e s  def ined  i n  equat ion  (18) 


f requency,  Hz 


panel  modal f r equenc ie s ,  Hz 


complex shear modulus def ined  i n  equat ion  (361, N/m2 


v a r i a b l e s  def ined  i n  equat ion  ( 6 )  


shear modulus o f  v i s c o e l a s t i c  c o r e ,  N/m2 

v a r i a b l e s  def ined  i n  equat ion  (54) 

frequency response func t ion  of sandwich plate  w i t h  hard v i s c o e l a s t i c  
c o r e ,  m 3 / N  

frequency response func t ion  of  bottom face p l a t e  i n  sandwich construc
t i o n  w i t h  s o f t  c o r e ,  m3/N 

frequency response func t ion  of top  face p l a t e  i n  sandwich cons t ruc t ion  
w i t h  s o f t  co re ,  m3/N 

plate  th i ckness ,  m 

h l , h 2 , h 3  th i ckness  of t o p  face p l a t e ,  bottom face p la te ,  and v i s c o e l a s t i c  c o r e ,  
r e s p e c t i v e l y ,  m 

i , j , k , l , m ,  

n , o , q , r , s  1 i n d i c e s  

imaginary u n i t  (-I  I /*  

Kmn v a r i a b l e s  def ined  i n  equat ion  (40 

k3 s p r i n g  s t i f f n e s s  of s o f t  v i s c o e l a s t i c  c o r e ,  N/m3 

L i  jmn v a r i a b l e s  def ined  i n  equat ion  ( 5 5 )  

NT no i se  t r ansmiss ion ,  dB; see equat ion  (59) 

OASP L o v e r a l l  sound p res su re  l e v e l ,  dB 
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P 

PO 

Pr 

Qmn 

RX 

RY 

rl 

Smnrs 

sP 

SPr 

S r  

SW 

t 

u,,v,,wmn 

u,v,w 

W 1  

w2 

xijk 

X , Y , Z  

zd 

Z i  j 

aijk 

%ln 

B 

ymn 

sound p res su re  i n  c a v i t y ,  N/m2 

r e f e r e n c e  p r e s s u r e ,  0.00002 N/m2 

e x t e r n a l  random i n p u t  p r e s s u r e ,  N/m2 

gene ra l i zed  random f o r c e s ,  see equat ion  (28) 

s p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t  corresponding t o  x-coordinate  

s p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t  corresponding t o  y-coordinate  

v a r i a b l e s  def ined  i n  equat ion  (44 )  

c r o s s - s p e c t r a l  d e n s i t i e s  of gene ra l i zed  random f o r c e s ,  ( N/m2) 2/Hz 

s p e c t r a l  d e n s i t y  o f  sound p res su re  i n  i n t e r i o r ,  (N/m2I2/Hz 

s p e c t r a l  d e n s i t y  of i n p u t  p r e s s u r e ,  ( N / m 2 I 2 / H z  

c r o s s - s p e c t r a l  d e n s i t y  of  i n p u t  p re s su re ,  (N/m2 I2/Hz 

panel  d e f l e c t i o n  response s p e c t r a l  d e n s i t y ,  m2/Hz 

t i m e ,  sec 

modal displacement  c o e f f i c i e n t s  corresponding t o  x-, y-, and 
z-coord ina tes ,  r e s p e c t i v e l y ,  m 

displacement  components corresponding t o  x-, y-, and z-coord ina tes ,  
r e s p e c t i v e l y  , m 

t r a n s v e r s e  displacement  of  t o p  face p l a t e ,  m 

t r a n s v e r s e  displacement  of  bottom face p l a t e ,  m 

a c o u s t i c  modes 

s p a t i a l  c o o r d i n a t e s ,  m 

v a r i a b l e s  def ined  i n  equat ion  (52) 

v a r i a b l e s  def ined  i n  equat ion  (13) 

a c o u s t i c  c a v i t y  modal damping c o e f f i c i e n t s  

p l a t e  modal damping c o e f f i c i e n t s  

damping l o s s  f a c t o r  i n  v i s c o e l a s t i c  c o r e  

v a r i a b l e s  def ined  i n  equat ion  (29) 
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v a r i a b l e s  def ined  i n  equat ion  (41 )  

v a r i a b l e s  def ined  i n  equa t ions  (53a) and (53b) 

v a r i a b l e s  def ined  i n  equat ion  (29) 

v a r i a b l e  def ined  i n  equat ion  (35) 

Poisson ' s  r a t i o  

Po i s son ' s  r a t i o  o f  t o p  face p l a t e ,  bottom face p l a t e ,  
and v i s c o e l a s t i c  c o r e ,  r e s p e c t i v e l y  

material d e n s i t y  of elastic p l a t e ,  kg/m3 

a i r  d e n s i t y  i n  enc losu re ,  kg/m3 

material d e n s i t i e s  of t o p  face p la te ,  
and v i s c o e l a s t i c  co re ,  r e s p e c t i v e l y ,  

v a r i a b l e s  def ined  i n  equat ion  (30)  

v a r i a b l e  def ined i n  equat ion  (43)  

v a r i a b l e s  def ined  i n  equat ion  (14)  

s t r u c t u r a l  modes o f  pane l  

v a r i a b l e s  def ined  i n  equat ion  (42)  

frequency, rad/sec 

c a v i t y  modal f r equenc ie s ,  rad/sec 

s t r u c t u r a l  modal f r equenc ie s ,  rad/sec 

Super sc r ip t s :  

b bottom 

t t o p  

- Four i e r  t ransform accord ing  t o  equa t ions  (20a)  and 

bottom face p la te ,  
kg/m3 

(20b) 

* 	 complex conjugate  

Dots over  symbols denote  time d e r i v a t i v e s .  
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INTERIOR ACOUSTIC PRESSURE 

The r e c t a n g u l a r  enc losu re  shown i n  f i g u r e  1 occupies  a des igna ted  volume 
V = abd. The w a l l  a t  z = 0 is f l e x i b l e  whereas t h e  remaining walls are acous
t i c a l l y  r ig id .  The p r e s s u r e  p i n s i d e  t h e  enc losure  i s  determined from t h e  
l i n e a r  a c o u s t i c  wave equat ion  

where Q2 = a2/ax2 + a2/ay2 + a2/az2 and t h e  boundary c o n d i t i o n s  t o  be satis
f i e d  are 

on BR and 

aP- -paw ( 3 )
an 

on BF a t  z = 0 .  Here BR and BF i n d i c a t e  r i g i d  and f l e x i b l e  boundaries ,  
r e s p e c t i v e l y ;  ap/an is t h e  p re s su re  d e r i v a t i v e  normal t o  t h e  w a l l  su r f ace ;  w 
is  t h e  displacement  o f  t he  f l e x i b l e  w a l l  i n  t h e  z -d i r ec t ion ;  and a do t  i n d i c a t e s  
a t i m e  d e r i v a t i v e .  For t h e  a n a l y s i s  considered i n  t h i s  s tudy ,  t h e  w a l l  d i sp l ace 
ment w is  determined independent ly .  The a c o u s t i c  p re s su re  i n  t h e  enc losu re  is 
n o t  assumed t o  affect  t h e  w a l l .  Reference I3  has  shown t h i s  approach t o  be v a l i d  
f o r  deep enc losures .  

To so lve  equat ion  ( 1 )  t h e  p re s su re  can be w r i t t e n  

ilTx j n y
where X i j o  = cos  - cos  - are t h e  modes of  a c a v i t y  wi th  hard walls a t  

a b 
x O,a, and y = 0 ,b .  When the f l e x i b l e  w a l l  motions i n  terms of  these,modes 
are expanded and o r thogona l i ty  is used,  

w w 

I n  t h i s  case, 
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and 


(i = 0, j = 0) 

eij = { 2 (Either i # 0 or j # 0) (71 

1 4  
Equations ( 1 )  to ( 4 )  demonstrate that boundary conditions for the pressure 

coefficients (Cp)ij(Z,t) are not homogeneous. A direct application of separa
tion of variables technique for (Cp)i-(z,t) will not work, and a different 
method needs to be adopted. This soluhon method can be achieved by transform
ing a homogeneous differential equation with nonhomogeneous boundary conditions 
into a problem consisting of a nonhomogeneous differential equation with homoge
neous boundary conditions (ref. 14). Using equations ( 1 )  to (6) and the 
expression 

(Cp)ij = 4ij + Z(z,t> (8) 

where Q~.J are solutions of the associated homogeneous problem and Z(z,t) is 

the solution on the boundary, gives 


and 


at z = 0 where 

Aij = (iIT/aI2 + (jIT/bI2 (111 

aQij 
Since Qij are the solutions with homogeneous boundary conditions -= 0 

aZ 

at z = 0,equation ( i o )  reduces to 

azij 

- =  

a Z  Gij (12) 

at z = 0. Equation (12) is the boundary condition that must be satisfied by 
function Zij. Any continuous function which satisfies equation (12) i s  a suit
able function for Zij (ref. 10). Such a function is a polynomial of the form 

Zij = ( Z  - z2/2d)Gij (13) 
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The associated homogeneous boundary value problem has a solution 


Then the sound pressure distribution inside the enclosure may be determined by 

combining equations (41, (81, (131, and (14). The result is 


The series solution given in equation (15) is uniformly convergent everywhere

including the flexible boundary (ref, 11). The equation of modal coefficients 

Bijk can be obtained by substituting equation (15) into equation (91, multiply

ing by an orthogonal eigenfunction, and integrating over the volume. The result 

is 


where the equivalent damping in the enclosure (due to wall absorption and vis

cous air damping) is included'through the modal damping coefficient aijk. The 

modal frequencies in the enclosure uijk can be obtained from 


and 


where 


(k = 0) 
ek = {I 2 

(k # 0) 
(19) 

.. 
The solutions for the panel motions w are included in equation (18) through 

the term Zij. 


When initial conditions on the coefficients Bijk are assumed, the solu

tion to equation (16) can be obtained in the time domain. The linear character 

of the governing equations considered in this study, however, makes it more con

venient to solve these equations in the frequency domain. Adopting the Fourier 

integral representation of Bijk(t) gives 
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and 

Then t h e  s o l u t i o n  t o  equa t ion  (16)  i n  t h e  frequency domain is 

where P i  j k ( 0 )  are-F o u r i e r  t ransforms of F~ 'k( t ). Since  Pi 'k are f u n c t i o n s  
of pane l  response  w ,  where w is  a F o u r i e r  gransform of w ,  $he response char
acter is t ics  o f  v i s c o e l a s t i c  sandwich pane l s  are determined n e x t .  

RESPONSE OF THE VISCOELASTIC SANDWICH PANELS 

The r e c t a n g u l a r  sandwich p l a t e s  cons idered  i n  t h i s  a n a l y s i s  are assumed t o  
be f l a t  and simply supported on a l l  f o u r  edges. Acting on t h e  top  s u r f a c e  of 
t h e  p l a t e  is a random noise p r e s s u r e ,  and a t  t h e  bottom face t h e  p l a t e  i s  backed 
by an  a c o u s t i c  c a v i t y  as shown i n  f i g u r e  1.  The sandwich p l a t e  c o n s i s t s  of  two 
i s o t r o p i c  elastic p l a t e s  and an  i s o t r o p i c  v i s c o e l a s t i c  core. The response ana l 
y s i s  of t h e  sandwich panel  i s  cons idered  s e p a r a t e l y  for t h e  s o f t  core (compress
i b l e )  and f o r  t h e  hard core ( incompress ib l e ) .  

S o f t  Core 

When t h e  v i s c o e l a s t i c  co re  is  very  s o f t ,  Po i s son ' s  r a t i o  of t h e  material is  
n e a r l y  ze ro ;  consequent ly ,  such a material can be approximated by a v i s c o e l a s t i c  
s p r i n g .  Assuming sma l l -de f l ec t ion  theo ry ,  t h e  governing equa t ions  of motion are 
( ref .  15) 

and 
1 

P3h3Gl + c2&2 + k 3 ( ~ 2- W I >  = 0 (23)  

where ~4 = a 4 / a ~ 4+ 2 a4/ax4 ay2 + a4/ay4 and t h e  s u b s c r i p t s  I ,  2 ,  and 3 
refer t o  t h e  t o p  p l a t e ,  bottom p l a t e ,  and t h e  core, r e s p e c t i v e l y .  The terms 
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1 15 P3h3 and 6 P3h3 r e p r e s e n t  t h e  appor t ioned  c o n t r i b u t i o n s  o f  t h e  mass of t h e  

v i s c o e l a s t i c  c o r e  t o  t h e  d isp lacements  w1 and w2. The v i s c o e l a s t i c  s p r i n g  
cons t an t  o f  t he  co re  material is k3 = E3(l + &@)/h3 where E3 is  t h e  stiff

ness  modulus i n  compression and 6 is t h e  l o s s  f a c t o r  i n  t h e  co re .  I n  obta in
i n g  equat ion  (23 ) ,  t h e  effect o f  c a v i t y  p re s su re  on t h e  bottom face p l a t e  motion 
has  been neglec ted .  

S o l u t i o n s  t o  equa t ions  (22)  and (23)  can be r ep resen ted  i n  terms of  t h e  
simply supported p l a t e  modes 

c o c o  


where C, and D, are the  gene ra l i zed  coord ina te s  o f  
p l a t e s ,  r e s p e c t i v e l y ,  and @mn= s i n  (mxx/a) s i n  (nsry/b). 
t i o n s  (24)  and (25) i n t o  equa t ions  (22)  and (23)  and use  
p r i n c i p l e  g i v e  a set o f  coupled d i f f e r e n t i a l  equa t ions  i n  
i n g  t h e  Four i e r  t ransform o f  t h e s e  equa t ions  shows t h a t  

D,- = Hm6mb 

... 

-

t he  t o p  and bottom 
S u b s t i t u t i o n  of equa

o f  t h e  o r thogona l i ty  
C, and D,. Tak

i n  which C, and E, are t h e  transformed def lect l .on ampl i tudes  o f C, and 
D, which correspond t o  t h e  t o p  and t h e  bottom p l a t e s ,  r e s p e c t i v e l y ,  Q, are 
the  gene ra l i zed  random f o r c e s  
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i n  which pr are t h e  transformed p r e s s u r e s  pr, and 

(29)  
c2  

y, = ,w2 +; - 0 + 
a2  a2  

1 
a2  = - P3h3 + P2h2

3 

The n a t u r a l  f requencies  o f  t he  coupled system can be  determined by s e t t i n g  
c1 = c2  = f3 = 0 and us ing  

Amy, - 0102 = 0 (31 1 

Equation (31) g i v e s  two characteristic va lues  f o r  each set of  modal i n d i c e s  
(m,n).  These r o o t s  are as soc ia t ed  w i t h  in-phase f l e x u r a l  and out-of-phase 
d i l a t a t i o n a l  v i b r a t i o n  f r equenc ie s  of  t h e  sandwich cons t ruc t ion .  The di la ta
t i o n a l  v i b r a t i o n  f r equenc ie s  are s t r o n g l y  dependent on the  c o r e  s t i f f n e s s  
k3 = E3/h3. For large va lues  o f  core  s t i f f n e s s  k3 these f r equenc ie s  would 
'become very large, and t h e  approach developed i n  t h i s  s tudy  would l o s e  p r a c t i c a l  
s i g n i f i c a n c e .  

The frequency response func t ion  f o r  t he  bottom face p l a t e  g iven  i n  equa
t i o n  (27b) can now be combined w i t h  equat ion (21) and subsequent ly  w i t h  equa
t i o n s  (61, ( 1 3 ) ,  and (15) t o  ob ta in  t he  p res su re  d i s t r i b u t i o n  i n s i d e  the  enclo
s u r e .  Such an express ion  w i l l  be given i n  t he  la ter  s e c t i o n s .  

Hard Core 

When the core  material i n  a sandwich c o n s t r u c t i o n  has a c e r t a i n  degree of  
s t i f f n e s s  i n  bending and ex tens ion ,  energy is  d i s s i p a t e d  i n  t he  c o r e  by the  
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DlTX 

f l e x u r a l  v i b r a t i o n s  of t h e  p l a t e .  The governing equa t ions  o f  motion f o r  t h i s  
case are taken from r e f e r e n c e  2. It is  assumed t h a t  t h e  normal d e f l e c t i o n s  o f  
both face p l a t e s  are always i n  phase,  t h e  shear  s t r a i n s  a c r o s s  t h e  depth of t h e  
face p l a t e  are small, t h e  stresses i n  t h e  c o r e  material p a r a l l e l  t o  t h e  p l a t e  
s u r f a c e  are n e g l i g i b l e ,  and t h e  in-plane i n e r t i a  f o r c e s  are small. The govern
i n g  v i b r a t i o n  equa t ions  f o r  such a sandwich panel  can then  be w r i t t e n  as 
( ref .  2 )  

(34)
where 

The d isp lacements  u ,  v ,  and w correspond t o  t h e  x-, y-, and z-coord ina tes ,  
r e s p e c t i v e l y ,  and G o  is the  shea r  modulus i n  t h e  co re .  I n  t h i s  formulat ion i t  
is  assumed t h a t  t h e  t h i c k n e s s  h o f  both face p l a t e s  is  t h e  same. 

For s imple suppor t  boundary c o n d i t i o n s  t h e  modes o f  free v i b r a t i o n  can be 
r ep resen ted  by 

u = ~ ~ u 
m n 

v = >>v,, 
t u n  

w = >>w,, 
m n 

nnY ,cos  -, s i n  -
a b 

DlTX nnY
s i n  - cos  - (37b)

a b 

DlTX nnY
s i n  - s i n  -

b 
(37c 1 

a 
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1, 

S u b s t i t u t i n g  t h e s e  equa t ions  i n t o  equa t ions  (32) t o  (34) ,  u t i l i z i n g  t h e  orthog- 1 
!o n a l i t y  p r i n c i p l e ,  and t a k i n g  the  Four i e r  t r ans fo rma t ion ,  g i v e  (ref.  2 )  i
1 ,

(38) 

The gene ra l i zed  random f o r c e s  om are def ined  i n  equat ion  (28) .  u, are t h e  
Four i e r  t ransforms o f  Wm, and 

1 

-""I.~ (40) 

bm 
r l  = - (44)

a n  

The n a t u r a l  f r equenc ie s  o f  t h e  sandwich p l a t e  can be obta ined  from ( r e f .  2)  

(45) 


The frequency response func t ion  f o r  t h e  v i b r a t i o n  o f  a sandwich panel  wi th  
a hard co re  g iven  i n  equat ion  (39) can be combined wi th  equat ion  (21)  t o  deter
mine no i se  p re s su re  i n s i d e  t h e  enc losure  i n  a f a sh ion  similar t o  t h a t  descr ibed  
earlier f o r  a panel  w i t h  s o f t  core .  

For t h e  a n a l y s i s  presented  i n  t h i s  paper ,  i t  is  assumed t h a t  t h e  i n p u t  
p re s su re  s p e c t r a l  d e n s i t y  is s p e c i f i e d .  Thus, t he  response  (pane l  d e f l e c t i o n  
and no i se  p re s su re  i n s i d e  t h e  enc losure)  needs t o  be expressed i n  t he  form of a 
s p e c t r a l  dens i ty .  Following t h e  procedure g iven  i n  r e f e r e n c e  16 shows t h a t  t h e  
s p e c t r a l  d e n s i t y  o f  v e r t i c a l  d e f l e c t i o n s  w can be  determined from 



where H, are given i n  equa t ions  ( 2 7 a ) ,  (27b) ,  and 1391, hrsare t h e  c ros s -
s p e c t r a l  d e n s i t i e s  o f  t h e  gene ra l i zed  random f o r c e s  Q,, and a star i n d i c a t e s  
conjugat ion .  If t h e  i n p u t  p r e s s u r e  pr is  assumed t o  be a s t a t i o n a r y  random 
process ,  u s ing  equat ion  (28)  and r e fe rence  16 g i v e s  

where S r ( C , ? l , w )  are t h e  c r o s s - s p e c t r a l  d e n s i t i e s  o f  t h e  i n p u t  p re s su re  pr,  
and 5 = x2 - X I ,  n = y2 - y1 are the  s p a t i a l  p r e s s u r e  sepa ra t ions .  For t h e  
cases where t h e  random process  pr has  similar s p a t i a l  c o r r e l a t i o n  p r o p e r t i e s  
a t  a l l  de l ays ,  t h e  i n p u t  p re s su re  c r o s s - s p e c t r a l  d e n s i t y  can be w r i t t e n  as 

i n  which Rx and Ry are t h e  narrow band s p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  cor
responding t o  t h e  x- and y-coord ina tes ,  r e s p e c t i v e l y ,  and Spr is  t h e  spec i 
f i e d  i n p u t  p re s su re  s p e c t r a l  d e n s i t y .  

The a n a l y s i s  developed i n  t h i s  paper f o r  sandwich panel  v i b r a t i o n s  consid
ered s e p a r a t e l y  a s o f t  c o r e  and a hard co re .  A g e n e r a l  procedure which would 
n o t  l i m i t  t h e  a n a l y s i s  t o  a p a r t i c u l a r  co re  s t i f f n e s s  can be developed us ing  
Lagrange's equat ion  and t h e  expres s ions  f o r  s t r a i n  and k i n e t i c  ene rg ie s .  An 
a t t empt  t o  s o l v e  such a problem has been presented  i n  r e f e r e n c e s  8 and 9.  How
e v e r ,  as poin ted  ou t  i n  r e f e r e n c e  7 ,  t h e r e  remain some s i g n i f i c a n t  u n c e r t a i n t i e s  
i n  t h e s e  formula t ions  and s o l u t i o n s .  Thus, an in-depth s tudy  on the  v i b r a t i o n  
characFeristics o f  v i s c o e l a s t i c  sandwich pane l s  w i th  no l i m i t a t i o n s  on c o r e  
s t i f f n e s s  would be a u s e f u l  ex tens ion  of  t h e  work presented  i n  t h i s  paper .  

ACOUSTIC-STRUCTURAL MODEL 

The equa t ions  developed i n  prev ious  s e c t i o n s  can be combined t o  c o n s t r u c t  a 
n o i s e  t ransmiss ion  model f o r  a v i s c o e l a s t i c  sandwich panel .  Applying a F o u r i e r  
t ransform t o  equat ion  (15) and us ing  equa t ions  (13) and (21)  g i v e  

Equat ions (61 ,  (251, and (26b) demonstrate t h a t  

(50) 
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1\ 
When equa t ions  ( 181, (491, and (50) are combined, t h e  p r e s s u r e  i n s i d e  t h e  enclo
s u r e  caused by the v i b r a t i o n  of a v i s c o e l a s t i c  sandwich pane l  wi th  a so f t  c o r e  
can be w r i t t e n  as !

5
! 

where 

1 

Noise p re s su re  i n s i d e  the  enc losu re  caused by t h e  v i b r a t i o n  of a v i s c o e l a s t i c  
sandwich panel  w i t h  a hard co re  can be obtained from equa t ion  (51) by r e p l a c i n g  
Hb wi th  H,, where the  la t ter  expression is g iven  i n  equat ion (39).mn 

The s p e c t r a l  d e n s i t y  o f  t h e  i n t e r i o r  p r e s s u r e  can be obtained by t a k i n g  
the  mathematical e x p e c t a t i o n  of equat ion (51) and then  fol lowing t h e  procedure 
presented i n  r e f e r e n c e  16. The r e s u l t  is 
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where each index i n d i c a t e s  a s e p a r a t e  summation and a s tar  denotes  conjugat ion.  
For t h e  cases where a c o u s t i c  damping i n  t h e  enc losu re  is small and t h e  a c o u s t i c  
modal f r equenc ie s  are w e l l  s epa ra t ed ,  t h e  c o n t r i b u t i o n  t o  equat ion  (56)  from t h e  
c r o s s  terms ( 0 i  -kHijk + ekZd)Li~Xijk(BrsqHrsq + eqZd)*Lrs loX~~q is  r e l a t i v e l y  
small. It can s h e r e f o r e  be neg ected. When t h e  s t r u c t u r a l  damping is small, 

b b *similar r e s t r i c t i o n s  can be imposed on t h e  c r o s s  terms L i - m H m ~ ~ o L r s ~ o ( H l o )  .
However, f o r  v i s c o e l a s t i c  sandwich pane l s ,  damping i s  u s u a h y  large and no such 
s impl i fy ing  assumption is v a l i d .  

RESULTS AND DISCUSSION 

The numerical  r e s u l t s  presented  i n  t h i s  paper correspond t o  t h e  a c o u s t i c  
c a v i t y  and t h e  sandwich panel  shown' in  f i g u r e  1 .  The c a v i t y  beneath t h e  pane l  
is assumed t o  be a c o u s t i c a l l y  sealed. For t h e  c a l c u l a t i o n s  made, t h e  t o p  and 
bottom face p l a t e s  are assumed t o  be aluminum a l l o y  whereas t h e  c o r e  is  assumed 
t o  be  a l i gh twe igh t  low modulus v i s c o e l a s t i c  material. The phys ica l  data used 
are given i n  table 1 .  The i n p u t  random pres su re  pr a c t i n g  on t h e  t o p  face of 
t h e  f l e x i b l e  sandwich panel  is taken  t o  be t h a t  o f  t runca ted  Gaussian white 
n o i s e  f o r  which t h e  s p e c t r a l  d e n s i t y  is 

f 0.00058 (N/m2I2/Hz ( 0  S f 1000 Hz) 
(57)  

(Otherwise)  

The s p a t i a l  p re s su re  d i s t r i b u t i o n  i s  assumed t o  be uniform over  t h e  panel  sur 
face. The s p e c t r a  given i n  equat ion  (57)  correspond t o  a 100-dB l e v e l  a t  t h e  
s p e c i f i e d  frequency range and t o  about  a l3O-dB l e v e l  o v e r a l l .  

The modal damping i n  t he  enc losu re  w a s  taken as 

where t h e  fundamental modal damping c o e f f i c i e n t  is assumed a001 0.01 (hard 
w a l l  c a v i t y )  or a001 = 0.10 ( c a v i t y  w i t h  absorb ing  walls). The a c o u s t i c  modal 
damping behavior  g iven  i n  equat ion  (58)  was observed exper imenta l ly  i n  refer
ence  14 f o r  a hard w a l l  c a v i t y .  The effect o f  a c o u s t i c  w a l l  abso rp t ion  on t h e  
i n t e r i o r  n o i s e  i n  a c a v i t y  is s t r o n g l y  inf luenced  by frequency,  w a l l  geometry, 
and t h e  type  o f  absorb ing  material. However, f o r  small a c o u s t i c  abso rp t ion ,  
equat ion  (58) is a u s e f u l  approximation o f  modal damping f o r  low f r equenc ie s .  

The d e f l e c t i o n  response s p e c t r a l  d e n s i t y  a t  t h e  middle  o f  a sandwich panel  
wi th  a s o f t  core is  presented  i n  f i g u r e  2 for several v a l u e s  of c o r e  l o s s  f a c t o r  
8 .  	 The peaks i n  t h e  s p e c t r a l  d e n s i t y  correspond t o  f l e x u r a l  and d i l a t a t i o n a l  
modes. The fundamental d i l a t a t i o n a l  mode frequency is 401 Hz. F igure  2 shows 
how t h e  low frequency is dominated by f l e x u r a l  modes, whereas a t  mid-range fre
quencies  (400 t o  600 Hz), d i l a t a t i o n a l  modes are a l s o  excited f o r  low v a l u e s  of 
core l o s s  f a c t o r  8 .  Since  damping i n  t h e  face p l a t e s  and i n  t h e  c o r e  material 
was taken  t o  be cons t an t  a t  a l l  f r equenc ie s ,  t h e  response  l e v e l s  a t  f r equenc ie s  
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above 650 Hz are very  low and no d i s t i n c t  peaks are observed. For t h e  case I 

where the  co re  damping f a c t o r  B is  ze ro ,  t he  c o r e  ac t s  as a n  elastic material c 


w i t h  no damping and the  response a t  t h e  first d i l a t a t i o n a l  mode i s  very  large. 

The n o i s e  t ransmiss ion  characteristics f o r  t he  same panel  are shown i n  f i g u r e  3.  

The no i se  t ransmiss ion  curve was obtained from 


where is sound p res su re  spectral d e n s i t y  i n  t he  i n t e r i o r  c a l c u l a t e d  from 

equat ion

Sp
(56) .  The i n p u t  p re s su re  spectral d e n s i t y  Spr i s  def ined  i n  equa


t i o n  (57 ) .  The s i g n i f i c a n t  s t r u c t u r a l  pane l  modes and t h e  a c o u s t i c  c a v i t y  modes 

are ind ica t ed  i n  f i g u r e  3.  These modes were c a l c u l a t e d  from equat ion  (31).  A s  

can be observed from f i g u r e  3 ,  t h e  no i se  t ransmiss ion  characterist ics o f  an  

elastic panel  and a v i s c o e l a s t i c  panel  w i t h  s o f t  c o r e  are similar f o r  frequen 

cies up t o  about  250 Hz and above 600 Hz. I n  t h e  in t e rmed ia t e  frequency range ,  

s t r u c t u r a l  modes corresponding t o  d i l a t a t i o n a l  v i b r a t i o n s  have a s i g n i f i c a n t  

effect on no i se  t ransmiss ion .  A t  t h e  frequency o f  t h e  first d i l a t a t i o n a l  mode 

(401 Hz), a panel  w i t h  a v i s c o e l a s t i c  co re  can achieve  about  30 dB more n o i s e  

reduct ion .  These r e s u l t s  i n d i c a t e  t h a t  no i se  t ransmiss ion  i n t o  t h e  enc losu re  is 

dominated by f l e x u r a l  modes f o r  f requencies  below 250 Hz, by d i l a t a t i o n a l  and 

a c o u s t i c  modes i n  the  frequency reg ion  250 t o  500 Hz, and by a c o u s t i c  modes 

above 500 Hz. 


For the  v i s c o e l a s t i c  sandwich panel  w i th  a hard c o r e ,  damping i n  t h e  face 
plates was assumed t o  be n e g l i g i b l e  i n  comparison t o  t he  damping i n  t he  co re .  
The th i ckness  o f  each metallic face plate  was taken  t o  be equal  t o  0.00051 m. 
V i s c o e l a s t i c  c o r e s  w i t h  two d i f f e r e n t  va lues  o f  shear modulus Go were selected 
f o r  the  s tudy .  For each o f  these cases, t h e  c o r e  l o s s  f a c t o r  8 and the  c o r e  
th i ckness  h3 were va r i ed .  The displacement response spectral d e n s i t i e s  a t  the  
c e n t e r  of  t h e  panel  are shown i n  f i g u r e s  4 and 5 f o r  s e v e r a l  va lues  o f  c o r e  
damping f a c t o r  8 .  For low va lues  of  co re  l o s s  f a c t o r  8 ,  d i s t i n c t  peaks can be 
observed a t  t h e  n a t u r a l  f r equenc ie s  of  the  panel .  The n a t u r a l  pane l  f r equenc ie s  
were c a l c u l a t e d  from equat ion  (45 ) .  S ince  t h e  c o r e  s t i f f n e s s  shown i n  f i g u r e  5 
is much larger than t h a t  shown i n  f i g u r e  4 ,  t he  peaks a s s o c i a t e d  w i t h  modal fre
quencies  are s h i f t e d  t o  t he  r i g h t  i n  f i g u r e  5. The d e f l e c t i o n  response is lower 
f o r  the  panel  w i t h  a s t i f fer  core .  These c a l c u l a t i o n s  were based on c o r e  th i ck 
n e s s  h3 = 0.00635 m. Similar r e s u l t s  are presented  i n  f i g u r e s  6 and 7 f o r  d i f 
f e r e n t  core  th i cknesses .  These f i g u r e s  i l l u s t r a t e  t h a t  response s p e c t r a l  densi
t i es  are s i g n i f i c a n t l y  affected by change i n  c o r e  t h i c k n e s s  and c o r e  s t i f f n e s s .  
V i s c o e l a s t i c  pane l s  w i t h  t h i n  bu t  stiff c o r e s  respond more than  pane l s  w i th  less 
stiff co res .  However, when the c o r e  th i ckness  i s  about  0.008 m o r  larger, pane l s  
w i t h  s t i f f  c o r e s  respond less than pane l s  w i t h  n o t  very  stiff co res .  Noise 
t ransmiss ion  c h a r a c t e r i s t i c s  f o r  these pane l s  are g iven  i n  f i g u r e s  8 t o  13 f o r  
an enc losure  w i t h  low (a001 = 0.01) and high (a001 = 0.1)  i n t e r i o r  a c o u s t i c  
damping. When the a c o u s t i c  damping i n  t h e  enc losu re  is h igh ,  t he  peaks a t  t h e  
c a v i t y  modal f r equenc ie s  are suppressed.  The two a c o u s t i c  damping c o e f f i c i e n t s  
chosen could be r e p r e s e n t a t i v e s  o f  a c a v i t y  w i t h  hard or absorbing walls, 
r e s p e c t i v e l y .  For low a c o u s t i c  damping and large c o r e  l o s s  f a c t o r  B ,  n o i s e  
i n s i d e  the  enc losure  is dominated by t h e  a c o u s t i c  c a v i t y  modes. Approximately 
20 dB more no i se  r educ t ion  can be achieved a t  the  first panel  mode by i n c r e a s i n g  
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t h e  co re  l o s s  f a c t o r  from 0.1 t o  1.0. Furthermore,  by i n c r e a s i n g  c a v i t y  modal 
damping from 0.01 t o  0 .1 ,  about  10 dB more no i se  r educ t ion  can be gained a t  most 
a c o u s t i c  modal f r equenc ie s .  F igu res  12 and 13 show t h a t  a s i g n i f i c a n t  amount o f  
n o i s e  r educ t ion  can be achieved by i n c r e a s i n g  t h e  c o r e  th i ckness .  For  example, 
by i n c r e a s i n g  t h e  c o r e  t h i c k n e s s  10 times, about  20 and 15 dB more no i se  reduc
t i o n  i s  obta ined  a t  t h e  first panel  mode f o r  a c o r e  wi th  Go = 68 900 000 and 
GO = 2 760 000 N/m2, r e s p e c t i v e l y .  I n  f i g u r e  14 t h e  o v e r a l l  sound p res su re  
l e v e l s  i n  t h e  i n t e r i o r  are p l o t t e d  a g a i n s t  t h e  c o r e  th i ckness .  The i n c r e a s e  i n  
t o t a l  pane l  mass wi th  t h e  i n c r e a s e  i n  c o r e  th i ckness  is a l s o  shown i n  f i g u r e  14. 
The mass curve i s  obta ined  under t h e  cond i t ion  t h a t  t h e  d e n s i t y  o f  t h e  visco
elastic core material is o n e - f i f t h  t h e  d e n s i t y  of t h e  face p l a t e s .  The o v e r a l l  
sound p res su re  w a s  ob ta ined  from 

OASPL = 10 l o g  (U2/po2) (60)  

where o2 is  t h e  va r i ance  o f  t h e  i n t e r i o r  p re s su re  and po is  t h e  r e f e r e n c e  
p res su re  po = 0.00002 N/m2. These r e s u l t s  i n d i c a t e  t h a t  t h e  o v e r a l l  no i se  lev
e l s  are about  5 dB h ighe r  f o r  a panel  w i t h  a stiff c o r e  ( G o  = 68 900 000 N / m 2 ) .  
By i n c r e a s i n g ' t h e  co re  t h i c k n e s s  10 times, t h e  o v e r a l l  n o i s e  l e v e l  w a s  reduced 
by about  12 dB. 

A d i rec t  comparison between elastic and v i s c o e l a s t i c  pane l  response i s  
shown i n  f i g u r e  15. The cu rves  corresponding t o  t he  v i s c o e l a s t i c  sandwich panel  
were obtained f o r  6 = 1.0 and h3 0.00635 m. The t h i c k n e s s  o f  t he  elastic 
panel  was taken t o  be equal  t o  0.00102 m ,  and t h e  s t r u c t u r a l  damping cha rac t e r 
i s t i c s  were r ep resen ted  by 

where am are t h e  modal c o e f f i c i e n t s  and W m  are t h e  n a t u r a l  f r equenc ie s  o f  
t h e  e las t ic  p l a t e .  The r e s u l t s  shown i n  f i g u r e  15 correspond t o  a l l  = 0.02. 
The mass o f  the  e las t ic  panel  w a s  ad jus t ed  t o  be  equ iva len t  t o  t h e  mass of  t h e  
v i s c o e l a s t i c  sandwich panel .  A comparison o f  no i se  t ransmiss ion  by e las t ic  and 
v i s c o e l a s t i c  pane l s  is  shown i n  f i g u r e  16. A s  can be observed from f i g u r e s  15 
and 16,  panel  response and n o i s e  t ransmiss ion  f o r  an  e las t ic  panel  is  s t r o n g l y  
dominated by s t r u c t u r a l  v i b r a t i o n s  whi le  t he  no i se  t ransmiss ion  by a v i scoe la s 
t i c  sandwich panel  i s  dominated by a c o u s t i c  c a v i t y  modes. A t  low f r equenc ie s  
(below 200 Hz) no i se  r e d u c t i o n s  o f  about  50 dB or more can be achieved by visco
elast ic  sandwich pane l s .  However, a t  f r equenc ie s  where t h e  a c o u s t i c  modes are 
dominant, no s i g n i f i c a n t  n o i s e  r educ t ion  i s  achieved by v i s c o e l a s t i c  pane ls .  
The o v e r a l l  sound p r e s s u r e s  i n  the  i n t e r i o r  are p l o t t e d  a g a i n s t  c o r e  th i ckness  
f o r  equ iva len t  (mass) elastic and v i s c o e l a s t i c  pane ls .  (See f i g .  17 . )  A d i rect  
comparison o f  t h e s e  r e s u l t s  i n d i c a t e s  t h a t  f o r  a v i s c o e l a s t i c  pane l  wi th  a t h i n  
c o r e  ( h  = 0.0025 m )  t h e  o v e r a l l  n o i s e  i n  t h e  c a v i t  is  about  5 dB 
( G o  = 6d. 900 000 N/m5) and 10 dB ( G o  = 2 760 000 N/m h lower than t h e  o v e r a l l  
no i se  f o r  an equ iva len t  e las t ic  panel .  For a t h i c k  core (h3  = 0.025 m ) ,  t h e s e  
no i se  r educ t ion  va lues  are 13 and 17 dB,  r e s p e c t i v e l y .  The h ighe r  n o i s e  reduc
t i o n  va lues  f o r  a t h i c k e r  c o r e  can be a t t r i b u t e d  t o  an  i n c r e a s e  i n  t h e  sandwich 
c o n s t r u c t i o n  s t i f f n e s s  and a larger c a p a c i t y  t o  d i s s i p a t e  v i b r a t i o n a l  energy.  
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CONCLUDING REMARKS 

An a n a l y t i c a l  s tudy  was conducted t o  determine n o i s e  t ransmiss ion  charac
ter is t ics  o f  v i s c o e l a s t i c  sandwich pane l s .  The r e s u l t s  i n d i c a t e  tha t  no i se  
t ransmiss ion  by sandwich pane l s  is s t r o n g l y  dependent on t h i c k n e s s ,  damping, and 
material p r o p e r t i e s  o f  the  v i s c o e l a s t i c  co re .  

Sandwich pane l s  w i t h  very  s o f t  v i s c o e l a s t i c  c o r e s  t r ansmi t  n o i s e  much l i k e  
elastic pane l s  except  i n  the  frequency range  where d i l a t a t i o n a l  (out-of-phase)
modes are e x c i t e d .  About 30 dB more n o i s e  r educ t ion  can be achieved by visco
elastic sandwich pane l s  i n  t h i s  f requency range  (300 t o  600 Hz). 

The v i b r a t i o n  response and no i se  t r ansmiss ion  of sandwich pane l s  w i t h  hard 
c o r e s  are low when compared w i t h  equ iva len t  elastic pane l s .  A s  much as 50 dB 
more no i se  r educ t ion  can be achieved by v i s c o e l a s t i c  pane l s  a t  some f r equenc ie s  
i n  the  low frequency range (below 200 Hz). A t  f r equenc ie s  above 200 Hz, acous
t i c  modes dominate i n t e r i o r  n o i s e  f o r  t he  a c o u s t i c  enc losu re  chosen i n  t h i s  
s tudy .  About 10 dB more o v e r a l l  no i se  r educ t ion  cap be gained by i n c r e a s i n g  
t h e  co re  t h i c k n e s s  10 t imes  (from 0.0025 t o  0.025 m). With i n c r e a s i n g  co re  
s t i f f n e s s  (from a shear modulus o f  2 760 000 N/m2 t o  a shear modulus of  
68 900 000 N/m2), n o i s e  r educ t ion  decreased by about  5 dB o v e r a l l .  

Langley Research Center 

National  Aeronaut ics  and Space Adminis t ra t ion  

Hampton, VA 23665 

July 11, 1977 
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TABLE 1.- PHYSICAL DATA USED I N  THE STUDY 

Enclosure  a = 0.250 m, b = 0.508 m, d = 0.762 m 
( f i g .  1 )  P a  = 1.225 kg/m3, c = 330 m/sec 

Locat ion  i n  t h e  c a v i t y  
where i n t e r i o r  n o i s e  x = 0.102 m, y = 0.152 m, z = 0.254 m 

was computed 

S o f t  c o r e  Hard c o r e  

E1 = E2 = 72 400 000 000 N/m2 E = 72 400 000 000 N/m2
Elast ic  

(aluminum) h l  h2 = 0.00051 m h = 0.00051 m 
VI = v2  = 0.3  v = 0 .3  
p1 = p2 = 2770 kg/m3 p = 2770 k g / d  

-~ 

face p l a t e s  c1 = c2 = 27.13 N-sec2/m3 c1 = c2 = 0 

E 3  = 34 500 N/m2 Go = 2 760 000 N/m2 

V i s c o e l a s t i c  h3 = 0.00635 m 
Go 68 900 000 N/m2 
h3 = Varied 

core v3 = 0 V 3  = 0.17 
p 3  = 0 . l P  
B = 0, 0.1, 1.0 

p3 = 0.2P 
B = 0 . 1 ,  0 . 5 ,  1.0 
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Figure 1.- Geometry of enclosure and viscoelastic sandwich panel. 
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Figure 2.- Displacement response spectral density for panel with soft core. 
h3 0.00635 m; A = 0.000645. 

2 



30 r 


10 

V STRUCTURAL MODES 
0 ACOUSTIC MODES 

NO ISE 
TRANSMISSION,  0 

dB 

-10 


-20 

-30 




S /A, If1' 
W 

10

0 200 	 400 600 800 1000 

FREQUENCY, Hz 
Figure 4.- Displacement response s p e c t r a l  dens i ty  f o r  panel wi th  hard core and low shea r  modulus. 

A = 0.000645; h3 0.00635 m; Go 2 760 000 N/m2. 
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A = 0.000645; h3 = 0.00635 m; Go = 68 900 000 N/m2. 
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Figure 6.- Displacement response spectral density for different hard core thicknesses. 
Small shear modulus. B = 0.5; A = 0.000645; Go = 2 760 000 .N/m2. 
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Figure 8.- Noise transmission by viscoelastic panel with hard core and small shear modulus. 

aOol= 0.01; h3 = 0.00635 m; Go = 2 760 000 N/m2. 
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Figure 10.- Noise transmission by panel with hard core into cavity with large acoustic damping. 
Small shear modulus. h3 = 0.00635 m; Go = 2 760 000 N/m2; a001 = 0.1. 
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Large shear modulus. h3 = 0.00635 m; Go = 68 900 000 N/m2; "001 = 0.1. 
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Figure 13.- Noise transmission by viscoelastic panels with different hard core thicknesses into cavity 
with large acoustic damping. Large shear modulus. Go = 68 900 000 N/m2; B = 0.5; "001 = 0.1. 
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